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SUMDMARY

Supercharging has already demonstrated iis value as a means of improving the performance of
an airplane at moderate and high altitudes. In order to obfain a mazimum increase in the perform-
ance of an airplane designed to meet definife service requirements, i is necessary that a supercharger
of the proper capacity be selected.

The effect of different supercharger capacities on the performance of an airplane and its engine
was inrestigated by the staff of the National Advisory Commitiee for Aeronautics at Langley Field,
Va. The tests were conducted on a DH4—M2 airplane powered with a Liberty 12 engine. In this
intestigation four supercharger capacities, obtained by driving a Roofs type supercharger at 1.615,
1.967, 2.4, and 8 times engine speed, were used to maintain sea level pressure at the carburetor fo
alittudes of 7,000, 11,500, 17,000, and 22,000 feet, respectirely.

The performance of the airplane in climb and in level flight was determined for each of the four
supercharger drive ratios and for the unsupercharged condition. The engine power was measured
during these tests by means of a calibrated propeller.

Although the resulls of this inzestigation are not conducive fo general conclusions as to the
proper capacity or type of supercharger for use with all types of airplanes, the information collected
on the variation with altitude and supercharger capacity of such factors as carburetor air tempera-
tures, power required to drive the supercharger, and the nef engine power 18 of value as a guide in the
selection of the most suitable supercharger capacity for airplanes having different performance
characteristics than those of the one tested. _

Sereral interesting conclusions pertaining to the effect of the capacity of a Roots type super-
charger on the performance of this particular airplanc hare been drawn from the results of these tests.

It was found that rery litle sacrifice in sea-level performance was experienced with the larger
supercharger drive ratios as compared with performance obiained when using the smaller drive ratios.

The results indicate that further increase in supercharger capacity orver that oblained when
uging the 8 : I drive ratio would give a slight increase in ceiling and in high altitude performance,
but would considerably impasir the performance for an appreciable distance below the critical altitude.

As the supercharger capacity was increased, the height at which sea-level high speeds could be
equaled or improved became a larger percentage of the maximum height of operation of the airplane.

INTRODUCTION

Supercharging has, in the past few years, established its valué as a means of improving the

performance of ‘airplanes, and, as a result, superchargers are now being used on a number of
militery and on & few commercial airplanes. Supplying the engine with sufficient air to main-
tain sea-level carburetor pressure at altifude, and thus increasing the weight of the charge,
vesults in a large increase in power of the supercharged engine over that of the unsupercharged
engine. This increase in engine power gives improved climb and level flight performance and

an increase in the maximum altitude at which the airplane may be operated.
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In the selection of a supercharger for use on an a1rp1ane designed to meet definite perform-
ance requirements, the question arises as to whether it is advisable to choose a supercharger of
sufficient capacity to maintain sea-level pressure to the maximum useful altitude or to choose one
of smaller capacity requiring less power. The selection of the best supercharger capacity depends
largely upon the manner in which the type of supercharger in question affects the engine power
and on the percentage of the engine power that is used in driving the supercharger.

A small amount of information on this subject is found in reports on experimental investi-
gations conducted by the National Advisory Committee for Aeronautics and on a theoretical
investigation made by the Matériel Division, Air Corps, United States Army. During the
preliminary mvestlgatlon made to determine the suitability of the Roots type supercharger for
airplane service, the performance of an sirplane was determined with two supercharger capaci-
ties. (Reference 1.) Further information was obtained dunng an investigation of the super-
charging of an air-coqled en.gme (Reference 2.) Chenoweth gives theoretical curves of engmo
power versus sltitude when using gear-dnven centnfugal superchargers of three dxﬁerent capacx-
ties. (Reference 3.) ’

This investigation was undertaken by the staff of the Natxonal Adwsory Commlttee for
Aeronautics at the Langley Memorial Aeronautical Laboratory to determine experimentally
the effect of the capacity of a Roots type supercharger on the performance of an airplane and
its engine. Flight tests were conducted on a DH4-M2 ajrplane powered with a Liberty 12 engine.
The performance of the airplane in climb end in level flight was determined without super-
charging and with four supercharger capacities whlch ‘gave critical eltitudes of 7,000, 11,500,
17,000, and 22,000 feet. }

DESCRIPTION OF AIRPLANE_ _.erD EQUIPMENT

The airplane used in this investigation wag designated as & DH4-M2. The fuselage, which
was of welded steel tube construction, was so a.rranged that the space normally used for the rear
cockpit was entirely inclosed and available for the instrument installation. The weight of the
airplane with all eqmpment and fully serviced at the start of each flight was 4,300 pounds.

The Liberty 12 engine used on all these tests was equlpped with two mverted Stromberg
NA-L5A carhuretors having 15-inch diameter chokes and No. 42 drill size metering jets.

A Roots type supercharger, N. A. C. A. Model II, of 0.382 cubic foot displacement per
revolutmn, was mounted at the rear of the engine and driven through a flexible coupling from the
engme crank shaft. Descriptions and performance characteristics of Roots type superchargers
are given in references 4 and §. Four supercharger eapacities, obtained by driving the super-
charger at 1.615,1.957, 2.4, and 3 times engine speed, enabled the maintenance of sea-level pres-
sure at the carburetor to altltudes.of 7,000, 11,500, 17,000, and 22,000 feet, respectively. The
inlet passages to the supercharger were extended slightly beyond the fuselage on both sides to
form air scoops. The duct from the supercharger to the carburetors was built from & flexible
metal tube. A general view of this installation is shown in Figure 1.

A Martin bomber supercharger propeller, Air Service part No. 065323 diameter 10.67
feet, pitch 6.33 feet, was used on all flights. This propeller had previously been calibrated on
the same airplane, by means of a hub dynamometer, and & curve of the variation in its torque

coefficient with I; obtained.

The cooling system was augmented by 8 booster radlator, having a 9-inch core with & frontal
area of 2.25 square feet, connected in series with the pose radiator as shown in Figure 1. This
booster radiator was made sufficiently large so that ample cooling would be obtained during
full supercharged continuous climbs in the hottest surnmer weather. A pressure relief valve
set at 3 pounds per square inch was used to increase the boiling point of the wa.t,er at high
altitudes.

All readings taken during this investigation were recorded automatically. The readings
of the indicating instrument were recorded by an “automatic observer,” which consisted essen-
tially of a light-tight box and a motor-driven motion-picture camera focused on the dials of
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the instruments. These indicating instruments were; A sealed saltimeter for the measurement
of carburetor inlet air pressure; four electric resistance thermometers for measurement of
(1) atmospheric temperature at & point under the lower wing, (2) air temperature at the inlet
of the supercharger, (3) air temperature at the outlet of the supercharger, and (4) air temperature
at the inlet of the carburetor; a chronometric tachometer for measurement of engine speeds;
an experimental Venturi type fuel flow meter; and a distance type vapor pressure thermometer
for the measurement of fuel temperatures at the flow meter. In addition to the insiruments in
the automatic observer an N. A. C. A. type recording altimeter air-speed meter unit and a
recording pressure instrument were used. The altimeter recorded atmospheric pressure. The
air-speed meter was connected to a swivel type Pitot head mounted on a strut. The recording
pressure instrument measured the pressure difference between the carburetor inlet and the point
of attachment of the priming lines on the inlet manifold. Al records were synchronized during
flight by an electric motor-driven N. A. C. A. chronometric timer which made regular timing
dots on the film records. .

Fiaure 1.—DH4-M?2 alrplanas showing installation of aupercharger and hooster radlator

METHODS

For an investigation of this nature, the best criteria of comparative performance are rate
of climb and speed in level flight. In order that a comparison of climb performance could be
obtained, it was necessary to determine the best rate of climb without supercharging and for
each of the four supercharging conditions. The rate of climb with full engine power being depend-
ent on air speed, the air speeds for the best rate of climb for each condition of supercharging
and without supercharging were determined as follows: A continuous climb was first made at
the air speeds estimated to give the best rate of climb, a second climb was made af air speeds
5 M. P. H. higher than in the first flight and a third climb made at air speeds 5 M. P. H. lower
than in the first flight. From these thres climbs, the air speeds for the best rate of climb were
determined, and s final continuous climb was made at the selected air speeds. On all super-
charged climbs the pilot first attained full throftle conditions and then, by regulation of the
supercharger by-pass valve, maintained as nearly as possible a pressure of 29.92 inches of mercury
at the carburetor inlet. These pressures, which were indicated by a sealed altimeter in the
cockplt were maintained constant until the by-pass valve was completely closed. The desired
air speed was obtained by varying the attitude of the airplane.

104397—80——34
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To obtain high-speed performance, level runs of approximately six minutes duration were
made at increments of 5,000 feet altitude for each supercharging condition.

During all of these tests the followmg readings were taken: Atmospheric pressure, atmos--
pheric temperature, supercharger inlet air tempemture, supercharger outlet air temperature,
carburetor inlet air temperature, carburetor inlet air pressure, pressure drop from the carburetor
inlet to the inlet manifolds, volume rate of fuel flow, fuel temperature at the flow meter, air speed,
engine speed, and time.

The climb performance of the airplane was reduced to the conditions of operation in standard
atmosphere by the method described in N. A. C. A. Technical Réport No. 216. (Reference 6.)
The rates of climb were determined graphically by drawing tangents to the time-altitude curves
plotted on a large scale.

In order that engine power could be measured durmg this mvestxga.tlon, the propeller used
was first calibrated on this airplane by means of & hub dynamometer. To calibrate the pro-

peller, a series of runs was made at various angles of attack covering the useful range of 7TVD

for the propeller. The values of a nondimensional torque coefficient were computed from
measurements of engine torque, air speed, and density. This torque coefficient, commonly

used in propeller work, is 0'q=pV, yiH where @ is torque, p is mass density of the air, V 1s ve-’
locity of the airplane, and D is propeller diameter. The values of the coefficient, n_IZ,) were com-

puted from air speeds, engine speeds, and propeller diameter. A curve of ﬁ%versus Cq was thus

obteined for the propeller. This coefficient being nondimensional, is applicable at any altitude
provided that there is no blade deflection or twist. For this propeller, no change in coefficient

for the same value of 1% was obtained at 5,000 and at 14,000 feet altitude. The power delivered

to the propeller was determined for the flight tests by computing E% end then obtaining (g

from the propeller calibration curve. All quantities in the equation for torque coefficient are
known except the torque @ which can then be calculated.

To obtain an accurate comparison between flights, some of which were made in winter and '
conditions. In applying this correction it was first necessa.ry to establish, from the experimental
information aveilable, the variation in carburetor air temperature and pressure with altitude
for each supercharging condition. The critical altitude or maximum altitude to which sea-level
pressure was maintained was first deternmiined from the experimental data. This critical alti-
tude for each supercharger capacity was corrected for the effect-of seasonal temperature changes
80 as to obtain the critical altitude for standard atmaspheric conditions. Below the critical
altitudes, the carburetor air pressure was assumed to he 29.92 inches of mereury. Above the
critical altitudes the experunental data indicate that there was & gradual increase in the ratio
of atmospheric to carburetor air pressure. Using these same rates of increase, the carburetor
air pressures were computed from standard atmosphenc pressures and the experimental pressure
ratios. The temperatures of the supercharger outlet air were determined from the standard
gtmospheric temperatures and pressures and the established stendard ca.rbluretor air pressures

e
using the thermodynamic relation for polytropic changes of state (F:) " =%- Mean values
of n, determined experimentally for each drive ratio, were used in this equation. The tempera-
ture drop from the supercharger outlet to carburetor inlet was found from experimental data to
have a direct relation to the temperature difference between the inside and outside of the duct
at the supercharger outlet. This relation was used to obtain the carburetor air temperatures
from the supercharger outlet temperatures for standard conditions.

The observed values of brake horsepower, for the best flight of each supercharged condition
and for the best flight of the unsupercharged condition, were corrected to the established standard
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carburetor air temperatures and pressures. Brake horsepower was corrected by direct ratio for
the pressure change and by the inverse square-root relation for the temperature change. These
changes in pressure and temperature from observed to standard conditions were so small that
the error in correcting the brake horsepower rather than the indicated horsepower was negligible.
(Reference 7.)
The power required to drive the supercharger at altitude for each capacity was calculated

from the relation

dn (Py—Py)
~ 783,000

where d is supercharger displacement, n is supercharger speed, and (P;—P,) is the pressure
difference at the supercharger outlet and inlet. The power losses for each speed and pressure
difference were obtained from the curve of horsepower versus supercharger power losses given
in reference 5.

HP. -+ power losses

RESULTS

Data from the flight tests are shown in Tables I to XV, inclusive. Calibrations have been
applied to all quantities used in computation and designated in tables as ““observed.” Tables I,
IV, VII, X, and XTIT give dats from the flichta considered to be representative of optimum
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FiGURE 2.—Clmb performance of DH4-M2 airplane with no supercharging and with four supercharging
capacities

performance without supercharging and with supercharging using the 1.615:1, 1.957:1, 2.4:1,
and 3:1 drive ratios, respectively.

Figure 2 shows the time to climb and the rate of climb for the five supercharging conditions
plotted against standard altitude. These curves conform closely to the data from the optimum
climbs given in the tebles but have been faired slightly to form a family of curves. It is of
interest to note that there is very little difference in the time to climb to 10,000 feet with the
different supercharging conditions.

The air speeds in climb and in level flight for the five conditions are shown in Figure 3.
The curves for the climbing conditions show the air speeds giving the best rates of climb as.
determined from cross plotting of all the data obtained with each supercharging condition.
The curves for level flight were drawn from actual test data, but were faired to give & consistent
family. ’

The curves in Figure 4 show the power delivered by the engine to the propeller during
climb. These power values were obtained from the optimum climb dats by using the propeller
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calibration and have been corrected to standard atmosphers. Data at the low altitudes were
soinewhat scattered and the curves have been faired in this range. The curves of power to
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FIGURE 8.—Alr speeds of DH4-M2 airplane in cllmb and in level flight with no supercharging and with four supercharging capacities

drive the supercharger during climb, shown on the same sheet, were drawn from data obtained
during previous laboratory tests of the Roots type supércharger. (Reference 5.)

Figure 5 shows the engine speed in climb and in level flight for the different supercharging
conditions. The engine speeds for the climbs were determined by fairing curves from all the
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FIGURE 4—Power delivered by the englne to the propeller and power required to
drive the supercharger during climb

test data in a manner similar to that used for determining the air speeds in climb. The engine
speed curves for level flight were drawn from actual test data.
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Temperatures of the atmospheric air, supercharger outlet air, and curburetor inlet air for
the four supercharged climbs are shown in Figure 6. These data were taken from the optimum
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Fioure §.—Engine speeds of DH4-M2 airpiane in climb and n level flight with no supercharging end with four supercharging capecitica

climbs given in Tables IV, VII, X, and XIII. The atmospheric and carburetor air pressures
for the same conditions are shown in Figure 7. The abrupt decrease in pressure shown by the
carburetor pressure curves indicates that the by-pass velve had been completély closed and that
the engine used &ll of the air delivered by the supercharger at higher altitudes. T
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F1GTRE 6.—Atmospheric, supercharger outlet and cerburetor Inlet alr temperatures during elimb for the four supercharging conditions. Data -
given In Tables IV, V1I, X, and XIII

Figure 8 shows the atmospheric and carburetor air temperatures and pressures for the five
test conditions in climb on the basis of operation in standard atmosphere. These curves show
a rapid increase in maximum discharge temperature with an inerease in supercharger capacity.
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The pressure drop from the carburetor inlet to the inlet manifold is shown in the third group
of curves of this figure.
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FIGURE 7.—Atmospheric and carburctor sir preesures daring climb for the four supercharged conditions. Date given fn Tables IV, VII, X,
and XIII

The slip speed, which is the speed necessary to maintain a definite pressure difference with
no delivery, was determined by laboratory tests. The slip speed curve for the supercharger
used is shown in Figure 9. N
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The propeller calibration curve from which engine power was determined is shown in

Figure 10.
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DISCUSSION OF RESULTS

The airplane performance curves shown in Figures 2 and 3 indicate that there would be
very little increase in ceiling and in high altitude performance if the drive ratio were increased
heyond 3:1. The trend of the rate of climb curves shows that further increase in supercharger
capacity would considerably impair the airplane performance near the critical altitude.

A loss in performance at sea level was expected with the larger capacities, due to the in-
creased power required to drive the supercharger of larger capacity over that required for one
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Fi1GURE 9.—8Up speeds of supercharger nsed during fiight tests

of smaller capacity. This loss in sea-level performance, however, was actually found to be
very small, as the curves in Figure 2 indicate. This difference in performance, while hardly
noticeable from the time to climb curves, is easily seen from the rate of climb curves.

It is interesting to note, in Figure 3, that as the gear ratio was increased, the height to
which sea-level high speed was maintained or bettered became a larger percentage of the maxi-
mum height of operation of the airplane. The air-speed curves indicate that up to the critical
altitudes the maximum speeds in level flight were very nearly the same for each supercharger
capacity.
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Fieurr 10.—Calibration curves for propeller used during flight tests

A considerable falling off in power below the critical altitude was experienced with the
two higher supercharger capacities, as shown in Figure 4. This loss in power is partially
accounted for by the increased power required to drive the supercharger, as the second group of
curves in Figure 4 indicates. At the critical altitude with the 3:1 drive ratio the sum of net
engine power and supercharger power is the same as the engine power at sea level. In all other
cases the total engine power at the critical altitudes is slightly higher than at sea level. The
net engine power curves represent actual flight conditions for a fixed pitch propeller and are
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considered to be of greater value for use in making analyses than power curves at constant
engine speed. These power curves substantiate the conclusion made in connection with the
airplane performance curves, that the supercharger drive ratio should not be increased beyond
3:1. A striking similarity is found between these power curves and the rate of climb curves
of Figure 2.

The supercharger power curves show that, for the higher gear ratios, the power requxred to
drive the supercharger increases very rapidly w1th altitude and that, for the highest gear ratio,
the supercha.rger power is 24 per cent of the engine power at the critical altitude.

The engme speeds (fig. 5) are of interest only in connection with the manner in which they
affect engine power. These engine speeds are influenced by the density of the air and.the
characteristics of the propeller used. Although it would have been better from the standpoint
of performance to have used a series of propellers, each allowing the engine speed in level flight
to reach the maximum allowable value for each supercharging condition, it was thought that
the experimental work involved in first determining the propellers suitable for each condition
and then calibrating the series of propellers would be unwarranted. On these tests a wooden
propeller was used primarily because it was the most suitable propeller available for use with
supercharged engines and because it could be calibrated on this same airplane. For calibrating
the propeller, a hub dynamometer suitable for use at low altitudes and only applicable to wooden
propellers was available at this time. The propeller efficiency curve (fig. 10) shows that at the

values of % given in the tables the propeller used was operating near its maximum efficiency

durmg climbs. In comparing the performance with the different capacities it should be borne
in mind that the performance with the smaller capacities would have been improved somewhat
had more suitable propellers been used.

The temperature curves of Figure 6 show the large temperature rise caused by the com-
pression of the air in the supercharger at the higher altitudes. A measure of the cooling that
took place while the air flowed from the supercharger to the carburetor is also shown on these
curves.

Readings of manifold pressures were taken on se_veral flights for each drive ratio. These
data were plotted against sltitude and cross plotted against eng'me speed. The curves in
Figure 8 were taken from the constant altitude curves at values of engine speed given in Figure 5.

‘Although trouble was experienced with the fuel flow meter, measurements of fuel flow were
obtained for several flights, These data will be checked on further flight tests and reported
upon later.

Because some trouble had previously been experienced from contacting of the impellers
with the end of the case, and it was desired to eliminate any possibility of repetition of this
trouble during the flicht tests, the impeller end clearance was adjusted to 0.015 inch, which
was about 0.005 inch more than had been used for laboratory tests. This increase in clearance
at-the ends of the impellers caused an increased amount of slip over that obtained with smaller
clearances. This caused the temperature of the discharged air to be further increased and,
therefore, an increase in the polytropic exponent of compression.

The compression exponents for each supercharger capacity were computed from the measure-
ments of temperatures and pressures of the supercharger inlet and outlet. The computations
showed that average compression exponents of 1.740, 1.776, 1.838, and 1.915 were obtained
for the 1.615:1, 1.957:1, 24:1, and 3 :1 drive rafios, respectively. Previous laboratory
tests with smaller impeller end clearances gave an average value for the compression exponent
of 1.48 for this model supercharger. (Reference 5.) Although it was reelized that increasing
the impeller clearances would lower the volumetric efficiency, it was not expected that the
additional heat added to the air slipping back through the clearance spaces would result in such
a merked increase in the compression exponent.

Precision type ball bearings were installed in the supercharger for these tests and their
successful maintenance of constant impeller end clearance indicates that no mechanical troubles
would be expected with clearance reduced to that used in laboratory tests. No mechanical
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troubles of any kind were experienced during these teets which extended over 50 hours of full-
power flying.

Considerable cooling of the sir delivered to the engine by the supercharger was obtained
with the long eir duct used on these tests. (See figs. 1 and 6.) The influence of this cooling
on the comparative performance of the airplane is of interest. If no cooling were obtained,
the carburetor air temperatures would be higher, the engine would use less weight of air, the
critical altitude would be raised, and the engine would deliver less power below the critical alti-
tude. If an air intercooler had been used the reverse condition would be true. Above the
critical altitude the use of an intercooler is & detriment to performance, for the reason that the
engine uses all of the air that the supercharger will deliver regardless of the temperature, while
the intercooler creates additional drag. It is evident that the use of an intercooler would im-
prove performance below the criticel eltitude with the higher supercharger capacities. It is
also believed that less cooling of the inlet air would be experienced in most service installations
then was obtained in this experimental case unless an intercooler were used. An improvement
of the adiabatic efficiency of a supercharger would obviously be of greater value than the use
of an intercooler and there would be no increase in drag. For this particular supercharger the
efficiency could be considerably improved by reducing the impeller end clearances.

The temperatures recorded by the thermometer at the supercharger inlet were from 10° to
20° ¥. higher than the atmospheric temperature as measured under the lower wing. It is be-
lieved that heat was conducted from the supercharger case to this thermometer, so that in calcu-
lating the temperature rise in the supercharger the atmospheric temperature values were used
instead of those given by the thermometer in the inlet passage.

CONCLUSIONS

From the results of these tests several interesting conclusions pertaining to the effect of the
capacity of a Roots supercharger on the performance of this particular airplane are drawn.

It was found that an increase in supercherger drive ratio resulted in only a very small redue-
tion in sea-level performance from that obtained with the lower gear ratios.

These results indicate that a further increase in supercharger capaclty over that when usmg
the 3 : 1 drive ratio would result in but slight increase in ceiling and in high altitude perform-
ance. This further increase in capacity would considerably impair the performance for the range
of altitudes immediately below the critical altitude.

As the supercharger capacity was increased, the height to which sea level high speed could
be equaled or improved became a larger percentage of the maximum height of operation of the
airplane.

Although the results of this investigation are not conducive to drawing general conclusions
as to the proper capacity or type of supercharger for use with &ll types of airplanes, the informa-
tion collected on the variation with altitude and supercharger capacity of such factors as car-
buretor air temperatures, power required to drive the supercharger, and the net engine power is
of considerable value as a guide in the selection of the proper supercharger capacity for airplanes
of different performance characteristics than these of the one tested.

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NarioNarL ApvisorY COMMITTEE FOR AERONAUTICS,
LancLEy Fiewp, Va., March 18, 1929.
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TABLE III—FULL THROTTLE CLIMB WITH NO SUPERCHARGING
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TABLE V.—SUPERCHARGED CLIMB USING THE 1.615:1 DRIVE RATIO
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TABLE X.—OPFTIMUM SUPERCHARGED CLIMB USING THE 2.4:1 DRIVE RATIO
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TABLE XI—SUPERCHARGED CLIMB USING THE 2.4
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TABLE XII—SUPERCHARGED CLIMB USING THE 24
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TABLE XITL—OPTIMUM SUPERCHARGED CLIMB TUSING THE 3
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TABLE XIV.—SUPERCHARGED CLIMB USING THE 3:1 DRIVE RATIO
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